We report the results of feeding oleate-or linoleate-enriched diets for 8 wk to mildly hypercholesterolemic subjects and the resulting alterations in composition and functional properties of their plasma LDL and HDL. LDL isolated from subjects on oleate-enriched diets was less susceptible to copper-mediated oxidation, as measured by conjugated diene and lipid peroxide formation, and less susceptible to LDL-protein modification, as evidenced by reduced LDL macrophage degradation after copper-or endothelial cell-induced oxidation. For all subjects, the percentage of 18:2 in LDL correlated strongly with the extent of conjugated diene formation (r = 0.89, P < 0.01) and macrophage degradation (r = 0.71, P < 0.01). Oxidation of LDL led to initial rapid depletion of unsaturated fatty acids in phospholipids followed by extensive loss of unsaturated fatty acids in cholesteryl esters and triglycerides. Changes in HDL fatty acid composition also occurred. However, HDL from both dietary groups retained its ability to inhibit oxidative modification of LDL. This study demonstrates that alterations in dietary fatty acid composition can effectively alter the fatty acid distribution of LDL and HDL in hypercholesterolemic subjects and that susceptibility to LDL oxidation is altered by these changes. Substitution of monounsaturated (rather than polyunsaturated) fatty acids for saturated fatty acids in the diet might be preferable for the prevention of atherosclerosis.
Introduction
It has been proposed that oxidative modification of LDL may increase its atherogenicity ( 1, 2) , and there is evidence that oxidative modification of LDL does occur in vivo (3) (4) (5) (6) . The generation of oxidatively modified LDL appears dependent on the peroxidative decomposition of its polyunsaturated fatty acids, yielding reactive aldehydes, some ofwhich form covalent bonds with LDL apo B (4, 5, 7, 8) , generating a modified LDL recognized by the scavenger receptor(s) ofthe macrophage (9, addition, it is now apparent that oxidized LDL or soluble products formed during the oxidation of LDL have other biological effects including monocyte chemotaxis ( 1) , cytotoxicity ( 11) , alteration ofgene expression in arterial cells ( 12, 13) , and alteration of vascular tone (for review see reference 2).
Diets enriched in polyunsaturated fatty acids are considered to be beneficial because of their hypocholesterolemic effects (14-16). However, these diets lead to LDL particles enriched in polyunsaturated fatty acids ( 17, 18) , which should be more susceptible to lipid peroxidation and, in principle, possibly more atherogenic ( 1, 2) . Replacement ofdietary saturated fatty acids with monounsaturated fatty acids has been shown to be as effective as replacement with polyunsaturated fatty acids in lowering plasma LDL levels ( 14- 16, 18) and it has the advantage that it does not simultaneously lower HDL cholesterol levels (15, 16, 19) . HDL has also been demonstrated to inhibit the oxidative modification of LDL (20). Because there may be an exchange of fatty acids and oxidized fatty acids products between LDL and HDL, HDL particles enriched with polyunsaturated fatty acids may offer less protection to LDL. Thus, diets enriched in monounsaturated fats rather than polyunsaturated fats might confer additional protection by generating both LDL particles that are more resistant to oxidation and HDL particles that inhibit oxidative modification, while optimizing both LDL and HDL cholesterol levels.
In a pilot study, we recently demonstrated that LDL isolated from normocholesterolemic subjects fed a monounsaturated-enriched diet was less susceptible to oxidation and modification ( 18) . In the current study we evaluated the effects of extended feeding of monoversus polyunsaturated-enriched diets to mildly hypercholesterolemic subjects on LDL oxidation and modification. In addition, we studied both the changes in overall fatty acid composition and in individual lipid fractions produced by oxidation. Finally, we show that monounsaturated-rich diets do not alter the ability of HDL to inhibit LDL oxidation.
Methods
Participants. 13 healthy hypercholesterolemic volunteers (7 women and 6 men), aged 20-59 yr, were recruited from the community. All were on average American diets. None were taking medications or vitamins at the time of recruitment. The study was approved by the Human Studies Committee ofthe University ofCalifornia, San Diego, and was conducted in the outpatient facilities ofthe University ofCalifornia, San Diego, General Clinical Research Center.
Study design. An oleate-enriched variant of sunflower oil (Trisun 80), provided by SVO Enterprises (Eastlake, OH), and conventional sunflower oil, Wesson Sunlite, provided by Hunt Wesson (Fullerton, CA), were used to prepare liquid diets as described by Mattson and Grundy (16) . Oleate accounts for > 80% of the total fatty acids in content ofthe Trisun 80 used in this study was 0.538 mg/g oil whereas that of the sunflower oil used was 0.512 mg/g oil. Liquid diets were prepared by the General Clinical Research Center Nutrition Unit and provided 40% of calories as fat, 45% as carbohydrates, and 15% as protein. Diet ingredients and composition were as previously described ( 18) . Initial daily caloric intake for each individual was calculated from estimates ofenergy requirements, on the basis of 3-d food records and standard nomogram values (21 ) for each individual. Each liquid diet varied only in the percentage of monounsaturated or polyunsaturated fatty acids. These diets, aside from small amounts of vegetables and other nonfat snacks, which accounted for < 300 kcal, were used exclusively as the source ofnutrition for the study participants for 6 d of each week. During these 6 d essentially all fat intake was supplied by the liquid diet. To improve adherence to the study diet, subjects were allowed to eat solid food oftheir choice one weekend day each week from recommended food lists and sample meal menus. Foods that were recommended for ingestion during this "off day" were low in fat and low in vitamin E and beta-carotene. Dietary records were reviewed weekly by a registered dietitian to ensure adherence to the recommended food guidelines. Total daily energy intake for each individual was adjusted weekly as needed to maintain body weight.
Subjects were randomized to either polyunsaturate-(n = 7) or monounsaturate-(n = 6) supplemented liquid diets. Subjects remained blinded to the predominate type of fatty acid present in their diet throughout the study. Participants picked up their fully prepared liquid diets on Monday, Wednesday, and Friday of each week for the total 8-wk study period. Unused portions ofdiet were returned at each visit. Each participant was allowed to ingest their daily liquid diet according to their own schedule, although the entire day's allocation was to be ingested by bedtime. Subjects were instructed to refrigerate the liquid diets at all times when not in use. Aliquots of the diet were analyzed biweekly to check stability of fatty acid composition. During the study all participants were supplied with a daily multivitamin (Centrum, P. Leiner Nutritional Products, Inc., Torrance, CA).
Preparation of LDL. Fasting blood samples were obtained from each subject at two baseline visits before initiation ofthe liquid diet and at completion of the 8-wk dietary period. Blood was collected in EDTA (4.0 mM), placed immediately on ice, and the plasma was separated. LDL was isolated by sequential ultracentrifugation as previously described ( 18) and dialyzed extensively against PBS containing 0.27 mM EDTA (PBS-EDTA). A final concentration of 0.22 mM gentamycin, 0.15 mM chloramphenicol, 1 MM D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone, and 2 mM benzamidine was added to plasma and all solutions used subsequently during LDL isolation. Protein was determined by the method ofLowry et al. (22) . Measurement ofLDLconjugated diene and lipid peroxide formation during Cu2-mediated oxidation was carried out immediately, as described below. All other studies were completed within 2 wk ofisolation ofLDL samples, which were stored at 4VC in the dark. LDL protein from each plasma sample was radioiodinated by the method of Salacinski et al. (23) and the specific activity of each was adjusted to -30,000 counts min per Mg protein by addition of their own unlabeled LDL. For all assays, LDL samples were adjusted to similar protein concentrations with PBS-EDTA. Thus each sample had an equal concentration of protein with equal specific activity and equal EDTA content per sample for each experiment.
Vitamin E content. Alpha-tocopherol was measured by HPLC according to a modification of methodology described by Kaplan (24) . Briefly, alpha-tocopherol acetate was prepared in 100% ethanol at 58 Mgmol/liter as an extraction internal standard and for standard curve preparation. Actual concentrations of alpha-tocopherol were determined by measuring absorbance of prepared solutions and calculating concentrations on the basis of known spectral data (25) . Plasma and LDL samples were extracted with petroleum ether and evaporated under nitrogen. The extract was reconstituted in a mobile phase that consisted ofacetonitrile, chloroform, 2-propanol, water (78:16:3.5:2.5; vol/vol/vol/vol) and run at a flow rate of 2 ml/min. The chromatographic analysis was performed on a S-Mm particle C-18 column. Cal-culations were determined from a standard curve ofpeak area ratios of sample/internal standard.
Oxidation ofLDL. The formation of conjugated dienes was measured by incubating 200 Mg of LDL protein with 5 Mmol/liter copper sulfate (Cu2") in 2 ml of Ham's F-10 medium. The absorbance at 234 nm (A234) was measured continuously in a Uvikon 8 10 spectrophotometer (Kontron Instruments, Basel, Switzerland) as described ( 18, 26) . Results are expressed as absolute increase in absorbance above the initial value. The formation of lipid peroxides was measured by the iodometric method (27) . LDL was incubated at 100 Mg/ml in PBS with 5 ,Mmol/liter Cu2+ at 370C and aliquots were removed for lipid peroxide measurement at 0, 2, 4, 6, and 8 h.
Each subject's '251I-labeled LDL, at a concentration of 100 ,g protein/ml, was incubated with 5 Mmol/liter Cu2+ for 0 and 8 h or with monolayers of rabbit aortic endothelial cells (EC)' in Ham's F-10 medium for 0, 8, and 16 h at 370C as previously described (9) . Lipid peroxidation was assessed in terms ofthiobarbituric acid-reactive substance (TBARS) in the medium (9) . Results are expressed as malondialdehyde equivalents per mg of LDL protein.
LDL degradation and uptake. To evaluate one parameter ofbiological modification of LDL induced by in vitro oxidation, we measured the macrophage degradation ofeach individual iodinated LDL sample. Resident mouse macrophages were harvested from the peritoneal cavity by lavage and plated on 24-well clustered dishes at a density of 1.4 X 106 cells per well with RPMI medium containing 10% (vol/ vol) fetal calf serum as previously described (9) . After an overnight incubation, the medium was replaced and degradation by macrophages of5 Mg 1251I-LDL protein/ml medium for 5 h at 37°C was determined as previously described ( 18) .
Fatty acid composition. Lipids from LDL and HDL and from aliquots of the different diets were extracted by a modification of the method of Folch et al. (28) . The fatty acids were transmethylated and analyzed in a gas chromatograph (model 3700, Varian Associates, Sugenland, TX) equipped with a column of 10% Silar 5CP on a Gas Chrom QII, 100/ 120 mesh (Alltech Associates, Inc, Deerfield, IL). For quantitative estimates of total fatty acids present in LDL, a 15:0 internal standard (pentadecanoic acid) was added to each sample before extraction. Calculations of fatty acid amounts were determined from peak area ratios of sample to internal standard. In these samples, fatty acids longer than 20:4 were only present in small amounts (a combined total of < 3%) and were not used for these calculations. For analyses of fatty acids in lipid fractions, the cholesteryl esters, triglycerides, and phospholipids were separated on prewashed silica gel G TLC plates using a solvent system of petroleum ether/ethyl ether/acetic acid (80:20:0.7; vol/vol/vol). Each lipid fraction was then scraped from the plate and methylated directly for fatty acid determinations. The 15:0 internal standard was added directly to the scraped silica gel. As recovery averaged from 70 to 90% for all the different lipid fractions, values were adjusted up to 100% recovery based on total original measurement of LDL cholesteryl ester, triglyceride, and phospholipid content. Cholesteryl esters (29) and triglycerides (30) were measured enzymatically and phospholipids were measured for total phosphorous ( 31 ).
Effect ofoxidation on fatty acid composition offractionated LDL.
At the end of the 8-wk study period, total fatty acid analyses were performed on each LDL sample before and after incubation with Cu2+ for 16 h as described above. To determine the effect ofoxidation on the fatty acid composition of the individual lipid classes of LDL, cholesteryl ester, phospholipid, and triglyceride fractions were separated by TLC and fatty acid analyses were performed on each fraction after 16 h of Cu2+-mediated oxidation in LDL samples from a subset of each dietary group. Additionally, in LDL from three control subjects, similar analyses were performed on aliquots removed at frequent intervals during 24 h of Cu2+-mediated oxidation. HDL assays. HDL fatty acid composition was determined by the identical methodology used for LDL. In addition, HDL samples (at 50 and 100 ug/ml Ham's F-10 medium) were coincubated with '25I-LDL during Cu2 -mediated oxidation to assess their ability to inhibit macrophage degradation of LDL (20). Degradation by macrophages of 5 ,g '251-LDL protein/ml medium for 5 h at 37°C was determined as de- 
Results
All participants completed the 8-wk liquid diet study without significant problems. One participant (subject 1) on the oleate diet had persistent gastrointestinal discomfort and throughout the study ingested a reduced volume of her liquid diet. Weekly food records and measurement ofunused portions ofthe liquid diet indicated compliance was excellent in all other participants, with > 95% of the provided liquid diet ingested by each participant. Total tocopherol levels in the Trisun® 80 oil (0.538 mg/gm) and in the Wesson Sunlite oil (0.512 mg/g) were similar. Fatty acid analyses ofdietary samples, performed biweekly throughout the study, indicated that the fatty acid composition of the oleate-enriched diet was 78% oleic acid (18:1), 13% linoleic acid (18:2), 4.5% stearic acid (18:0), and 4.5% palmitic acid (16:0). In contrast, fatty acid composition of the linoleate-enriched diet averaged 24% 18:1, 63% 18:2, 5.0% 18:0, and 8% 16:0. The calculated average total energy intake from the liquid diet was 2,673±870 kcal/d for the oleate group and 2,683±372 kcal/d for the linoleate group. During the 6 d/wk when the liquid diet was supplied, subjects ingested on average 300 kcal/d from nonliquid diet sources with < 70 kcal/d in the form of fat. Caloric intake on the one "off-day" averaged 1,733±620 kcal/d for the oleate group and 1,943±1,046 kcal/d for the linoleate group with energy intake in the form of fat only -15% oftotal calories for both groups. Mean baseline and final weights and lipids are shown in Table  I Jug/mg, P = 0.7).
Fatty acid composition ofLDL. Before starting the special diets there were no significant differences in the percent distribution of any long-chain fatty acids in the LDL isolated from the two study groups (Table II) . After 8 wk of linoleate ( 18:2) or oleate ( 18:1 ) dietary enrichment, however, mean levels of 18:2 and 18:1 had increased significantly, as expected (P < 0.001). Small but significant changes between the two groups also occurred in the relative content of 18:0 and 20:4. Within the oleate dietary group, five of six subjects had increases in oleic acid > 60% and decreases in linoleic acid ranging from 8 to 30%. However, the LDL of subject 1 (who tolerated < 50% ofher liquid diet) showed only minimal changes in fatty acids composition. In the linoleate diet group, six ofseven participants had marked decreases in 18:1 and increases in 18:2. The LDL of subject 12 had minimal changes in 18:1 and 18:2.
Thus 11 of the 12 study subjects who ingested the majority of their assigned liquid diet (throughout the study) had substantial changes in their LDL fatty acid content, which reflected the composition oftheir diet. The reason subject 12 did not have comparable LDL changes is unknown.
Effects of diet on parameters ofLDL oxidation. The rate and extent of conjugated diene formation was consistent for each individual LDL sample when incubated at room temperature in the presence of 5 umol/ L Cu2+. The data shown represent the mean of results of LDL isolated from each of the subjects. At baseline there was no difference in absorbance at 234 nm ( Fig. 1 A) of LDL from the two study groups. However, after 8 wk ofdietary enrichment, the mean absolute increase in A234 after 18 h of oxidation was 50% greater in the linoleatesupplemented group (Fig. 1 B) . Repeated-measures analysis of variance was used to compare the overall absorbance over time between the dietary groups and revealed a significant difference (P < 0.001). Finally, the absolute change in absorbance (AA234) strongly correlated with the percent of 18:2 in LDL (r = 0.89, P < 0.05). A similarly strong but inverse correlation was present between AA234 and the percent of 18:1 in LDL (r = -0.82, P < 0.05).
The time course of LDL lipid peroxide formation during Cu2+-mediated oxidation is shown in Fig. 2 . Mean levels of lipid peroxides were similar in both groups before oxidation, but levels after initiation of oxidation were higher in the linoleate group at each time point, with differences achieving statistical significance at 2, 6, and 8 h.
At the beginning of the study, there were no significant differences in amount of TBARS formed as a result ofCu 2+ or EC oxidation. However, after 8 wk of the study diet, TBARS generated during LDL oxidation were higher in the oleate group at each time point (Fig. 3, top) .
Macrophage degradation. The extent ofmacrophage degradation ofeach '25I-labeled LDL sample, before and after oxida- 3, bottom). Additionally, cell-associated 1251I-labeled LDL was greater in the linoleate group (data not shown). In the entire study group, degradation of LDL, oxidized by either EC or Cu2+ (for 8 h) was highly correlated with the percent 18:2 in LDL (r = 0.73, r = 0.68, respectively, P < 0.01 ) and percent 18:1 (r = -0.77, r = -0.73, respectively, P < 0.01 ). LDL degradation (after both Cu2' and EC oxidation) also correlated with the ratio of percent 18:2 to percent 18:1 (r = 0.77, P < 0.01 ). Effects ofoxidation on LDLfatty acid composition. At the end of the study, quantitative determinations of fatty acids were performed on all LDL samples from each dietary group before and after 16 h of CU2+ -mediated oxidation (Table III) . At the end of the formula-diet period, LDL from the linoleate group showed an absolute increase in the amount of 18:2 and a decrease in 18:1. In response to oxidation, marked decreases in the content of 18:2 and 20:4 occurred in LDL from both dietary groups but there was a greater overall percent loss oftotal fatty acids in the LDL from the linoleate group (62.4 vs. 47.0%, P < 0.01).
The distribution of individual fatty acids in each lipid fraction was determined in LDL samples from four individuals from each dietary group at the end of 8 wk (Table IV ). In the cholesteryl ester and triglyceride core of the LDL particle, the majority of the fatty acids were mono-or polyunsaturated (18:1, 18:2, and 20:4) . In contrast, in the surface-associated phospholipids, the saturated fatty acids ( 16:0 and 18:0) were most prevalent. There was enrichment of oleate in all three lipid classes in the oleate-fed group and corresponding increases in linoleate were seen in the linoleate-fed group. Particularly striking was the 18:2/18:1 ratio in the cholesteryl ester fraction, which was 1.4 in the oleate-fed group and 4.7 in the linoleate-fed group. The diets did not cause a change in the distribution of a given fatty acid between the core and surface lipids: i.e., although there was a greater absolute amount of oleic acid in LDL, its distribution between triglycerides, cholesteryl ester, and phospholipid did not change (data not shown).
To determine whether the degradation of polyunsaturated fatty acids during oxidation was influenced by their location within the LDL particle, quantitative determinations of fatty acids were performed on the separated cholesteryl ester, triglyceride, and phospholipid fractions of LDL isolated from several individuals from each dietary group before and after 16 h of Cu2+ oxidation (Table V) . The greatest loss of unsaturated fatty acids was in the core (cholesteryl ester and triglyceride fractions) and the loss ofpolyunsaturated fatty acids was nearly complete. Monounsaturated fatty acids associated with phospholipids, however, were relatively stable. There was little loss of 16:0 and 18:0 saturated fatty acids (data not shown). This was true for LDL isolated from both dietary groups. To characterize the location and rates of fatty acid loss in individual lipid fractions, fatty acid analyses were performed on three control LDL samples during a 24-h incubation with Cu2". Aliquots were analyzed for the quantity of 18:1, 18:2, and 20:4 present in the total LDL sample as well as in cholesteryl ester and phospholipid fractions (Fig. 4) . As shown in Fig. 4 A, the total 18:2 and 20:4 content in LDL decreased rapidly after several hours of oxidation. The amount of 18:1 in contrast, decreased more slowly with significant loss apparent only after 16 h of oxidation. Different patterns of fatty acid loss were observed in the core (cholesteryl ester) and surface (phospholipids) under these conditions of oxidation. In the phospholipid fraction Percent distribution of fatty acids in each lipid fraction from four LDL samples from each dietary group. Data are presented as means±SD.
Values that were too small to be reliably detected were not included. The data may underestimate the overall percent of polyunsaturated fatty acids present in the phospholipid fraction as during the lengthy isolation and dialysis steps in the separation of LDL some of the polyunsaturated fatty acids in phospholipids may have already been lost as a result of oxidation. Data presented are the specific values of each fatty acid as measured in each lipid fraction of LDL from two subjects on the linoleate-enriched diet and two subjects on the oleate-enriched diet. Values that were too small to be reliably detected were not included. * Oxidation.
( Fig. 4 C) there was an immediate loss of 18:2 and 20:4, with continued rapid loss of 20:4 for up to 16 h. Interestingly, the phospholipid 18:1 content did not significantly decrease during the 24-h oxidation period. In contrast, there was a delay before 18:2 and 20:4 loss occurred in the cholesteryl ester fraction (Fig. 4 B) . Subsequently, all the unsaturated fatty acids were lost at a rapid rate. There was also a nearly complete loss of 18:1 under these conditions of oxidation. Effects of dietary manipulations on HDL. HDL was isolated from 10 ofthe 13 subjects after 8 wk ofthe study diet. The fatty acid composition of the HDL and its capacity to inhibit LDL modification was measured. The effects of the diets on HDL fatty acid composition were similar to those seen in LDL (Table VI) . The percentage of 18:1 was significantly lower and the percentage of 18:2 was significantly higher in HDL isolated from the linoleate-fed subjects than in HDL isolated from the oleate-fed subjects. No significant differences were present in other fatty acids in the HDL fractions. Parthasarathy et al. (20) previously demonstrated that HDL inhibits the oxidative modification of LDL in vitro. To evaluate whether this protective property of HDL was altered by the dietary-induced changes in HDL fatty acid composition, we performed a similar series of experiments using HDL samples from each dietary group. When HDL was incubated with LDL during Cu2+-mediated oxidation, the LDL was partially protected from oxidative modification, as evidenced by a de- crease in subsequent macrophage degradation. The effect was similar for HDL isolated from subjects in both dietary groups ( Fig. 5 ).
Discussion
It has been well documented that hypercholesterolemia is both a common and important risk factor for coronary artery disease (32) (33) (34) . Recommendations from a variety ofexpert panels, including The National Cholesterol Education Program, have stressed the need to lower cholesterol levels in people with hypercholesterolemia, initially with diet and subsequently, if needed, with medications (35). In general, dietary recommendations have been to decrease total dietary fat and cholesterol intake and to replace dietary saturated fats with polyunsaturated fats. More recently, however, studies have suggested that replacement of saturated fats with monounsaturated fats may be equally efficacious in lowering LDL cholesterol levels. In addition, monounsaturated fats have an advantage over saturated fats in that they do not appreciably lower HDL ( 14- 16, 19) . Our data provide an additional theoretical advantage for the preferential use of monounsaturated fats: such diets enrich lipoproteins with monounsaturated fatty acids and render them less susceptible to oxidative modification. This study demonstrates that in mildly hypercholesterolemic subjects LDL and HDL fatty acid composition can be altered to reflect the fatty acid composition of the diet. Although the study diets were provided for 8 wk, LDL fatty acid analyses after 5 wk of diet were essentially the same as those observed for the 8-wk samples (data not shown). This demonstrates that changes in LDL fatty acid composition occur relatively quickly, even in hypercholesterolemic subjects. Most importantly, LDL enriched in monounsaturated fatty acids and correspondingly reduced in polyunsaturated fatty acids was indeed more resistant to oxidative modification, as measured by several different parameters. This effect was directly related to the dietary-induced changes in LDL fatty acid composition. The study diets were essentially identical except for their fatty acid composition. Other potentially relevant variables, such as serum lipid values and LDL alpha-tocopherol levels, were similar between the two groups before and at the end of the study. Additionally, in the whole study group, measures of lipid peroxidation and LDL modification strongly correlated with the LDL 18:2 or 18:1 content. The relationship between LDL fatty acid composition and the extent of lipid oxidation (as measured by conjugated dienes) is summarized in Fig. 6 , for subjects from both this study and our previous study ofnormocholesterolemic subjects (18) . The extent of LDL oxidation, regardless of whether the LDL was isolated from normo-or hypercholesterolemic subjects, was strongly influenced by the percent of 18:2 in LDL.
As occurred in the previous study, TBARS generated during Cu2+or EC-mediated LDL oxidation did not reflect the extent of oxidation, as measured by conjugated diene formation, or the extent of apo B modification, as measured by macrophage degradation. In fact, in the present study, after oxidation of LDL, the levels of TBARS were higher in the monounsaturated group. It has been demonstrated previously that TBARS may not be a good measure ofgeneralized lipid peroxide formation (36, 37) . This is supported by our findings that lipid peroxide levels generated during LDL oxidation, when measured by an iodometric assay, were reduced in the monounsaturated group but measurement of TBARS was not. Esterbauer et al. (38) suggested that TBARS are primarily produced during the oxidation of arachidonic acid. Since arachidonic acid content was slightly higher in LDL from the oleate group, it is possible that the higher TBARS generated during oxidation of oleate-enriched LDL reflect the greater decomposition of arachidonic acid.
The rapid loss ofphospholipid 18:2 and 20:4 after exposure to Cu2" in the time course experiments (Fig. 4) indicates that the polyunsaturated fatty acids in the phospholipid surface are the first to undergo lipid oxidation. Subsequently, lipid oxidation extends into the LDL core where extensive loss ofpolyunsaturated fatty acid occurs. The discrepancy between the rate of loss of fatty acids in the core and periphery of the LDL is most apparent for oleic acid. The oleic acid present in the LDL phospholipid fraction, whether isolated from individuals consuming oleate-enriched, linoleate-enriched, or control diets, was virtually unchanged during prolonged oxidation. The cause of this difference in the rates ofloss of oleic acid between core and surface lipid fractions is unclear. Because each phospholipid molecule may contain only one polyunsaturated fatty acid, the surface phospholipid layer may be a more difficult environment in which to sustain propagation of lipid peroxidation. Hence, oleic acid, being inherently more resistant to oxidation than linoleic or arachidonic acid, may not be exposed to a sufficient concentration of peroxy radicals in the phospholipid layer to initiate hydroperoxy formation. In contrast, in the core ofthe LDL particle, which is enriched in linoleate in both cholesteryl esters and triglycerides, sufficient peroxy radical formation may occur to oxidize oleic acid as well.
In vitro it has been shown that a relatively high concentration of HDL can partially protect LDL from oxidative modification. Since HDL fatty acid composition was also markedly altered by the dietary manipulations during this study, it seemed important to evaluate the effect of this change on the ability of HDL to decrease LDL modification. HDL isolated from subjects on either diet, when used at a relatively high concentration, still retained its ability to inhibit LDL modification. Of course, it is unknown if this property of HDL contributes to its apparent in vivo antiatherosclerotic effect.
The results demonstrate quite clearly that the fatty acids in LDL that are most readily oxidized are 18:2 and 20:4. Oxidation of 18:1 also occurs, but to a lesser extent. Furthermore, the oxidation of 18:1 generates a relatively stable product, which, unlike polyunsaturated fatty acids, can generate only trace amounts of reactive aldehydes. Linoleic acid comprises from 35 to 50% ofthe total fatty acids in LDL and nearly 90% ofthe polyunsaturated fatty acids. The high content of 18:2 in LDL, its great abundance in the LDL core, and its capacity to easily undergo oxidation generating a wide array of reactive aldehydes and other products give this fatty acid a key role in LDL peroxidation. This study demonstrates that changes in dietary fatty acids can significantly alter LDL fatty acid composition in mildly hypercholesterolemic subjects. These are the individuals likely to benefit the most from dietary intervention. By decreasing the ratio of 18:2 to 18:1 in their LDL, it becomes less susceptible to in vitro oxidation and modification. It remains to be demonstrated that more practical diets can lead to similar findings and that this form of dietary intervention can slow or inhibit the development of atherosclerosis. Nevertheless, this study supports the concept that replacement of saturated fat with monounsaturated fat may reduce the risk for coronary artery disease both by lowering LDL levels and by decreasing the susceptibility of the LDL to oxidative modification.
